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ABSTRACT
The petrologic components of carbonaceous chondrites each contain a distinct set of
physical, chemical, and isotopic characteristics. Accretion of various mixtures of these
components from a finite number of reservoirs in the nebula gave rise to the parent
bodies of carbonaceous chondrites. The bulk chemical composition of each parent body
presumably reflects the relative proportions of these petrologic components. In this
study, we investigate the volumetric abundances of the main petrologic components CAIs, AOAs, chondrules, matrix, and opaque phases - in multiple samples of three
carbonaceous chondrites of different groups: Murray (CM), Kainsaz (CO), and Al Rais
(CR). Each sample is considered an appropriate representative of its respective
carbonaceous chondrite group following the criteria outlined in this study. We developed
a new technique for volumetric proportional analyses, entitled Isolation by Multiplication
or ISLM. In this technique, the volumetric abundance of each component is determined
by a sequence of image manipulation algorithms applied to a set of four elemental X-ray
maps using the image processing software, ImageJ. The results were cross-referenced
with previous investigations of volumetric abundances (e.g. McSween, 1977) and wet
chemistry (e.g. Wiiks, 1956) to test for the validity of our results. We found strong
oxygen isotopic indicators, bulk chemical congruency, and refractory mixing trends that
variations in bulk chemistry are the result of variations in the proportions of petrologic
components. The distinctive oxygen isotopic compositions of Murray, Kainsaz, and Al
Rais have a direct correspondence with our volumetric results. This relationship
strengthens the previous conclusion by Zanda et al. (2006) that the proportions of
iv

petrologic components control the bulk chemical and oxygen isotopic compositions, by
providing more rigorously determined proportions of components.
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1. INTRODUCTION
The purpose of this study was to investigate possible correlations between the
bulk chemistry of CM, CO, and CR carbonaceous chondrites and the volumetric
abundances of their respective petrologic components. Cosmochemical fractionation
processes, thought to have occurred in the solar nebula, are responsible for the
compositional differences among carbonaceous chondrite classes, including those in this
study: Murray (CM), Kainsaz (CO), and Al Rais (CR). The chemical abundances of
refractory and volatile elements in carbonaceous chondrites are commonly attributed to
purely chemical nebular processes like condensation or evaporation. However, Zanda et
al. (2006) suggested that all carbonaceous chondrites are the products of nebular mixtures
of the main petrologic components. Accordingly, the near solar chemical trends of
carbonaceous chondrites are controlled by the accreted proportions of components having
distinct isotopic and chemical compositions.
The bulk chemistry of CI carbonaceous chondrites is almost indistinguishable
from the nonvolatile element abundances measured in the solar photosphere (Alexander
et al., 2001). Accordingly, this group of carbonaceous chondrites is thought to be the
closest chemical representative of the primordial solar system (Taylor, 2001). The
nonvolatile bulk chemistries of CM, CO, and CR chondrites generally deviate little from
the ‘solar’ abundances of CI chondrites, typically within the analytical margin of error. In
contrast, these other chondrite groups are systematically depleted in volatile elements
when plotted as a function of 50% condensation temperature (Palme et al., 1988).
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The CM, CO, and CR chondrites exhibit variations in the abundances of the
petrologic components that comprise them: chondrules, calcium- and aluminum-rich
inclusions (CAIs), amoeboid olivine aggregates (AOAs), matrix, and opaque minerals
(principally metal and sulfide). Each type of component contains distinctive phase
assemblages, and physical fractionations of these components have produced differences
in metal/silicate ratios, redox state, and possibly other chemical properties. Despite the
variability of petrologic components, each carbonaceous chondrite group retains a
characteristic nonvolatile chemistry in reference to CI chondrites (Hutchinson et al.,
1988). Furthermore, the unique thermal history of each petrologic component indicates
that physical fractionation processes occurred prior to final accretion during the early
stages of the solar system. Therefore, quantifying the degree to which these physical
fractionations of chondritic components control their bulk compositions is essential to
understanding the dynamics and diversity of the nebular environment.
In previous studies, the volumetric proportions of petrologic components in
carbonaceous chondrites have been determined by optical point counting (e.g., McSween,
1979). Difficulties in the optical identification of some components and nonrepresentative sampling are potential sources of uncertainties. At the time optical
techniques were employed, qualitative chemical mapping was not available as a tool for
modal analysis. However, since the development of digital image processing and
advanced electron microprobe techniques, the opportunity to improve modal analysis
techniques has greatly increased. This study explores the utilization of digital analysis to
calculate the volumetric abundances of the major physical constituents of carbonaceous
2

chondrites. Specifically, Mg, Fe, Ca, Al X-ray maps constructed from wavelength
dispersive spectrometer scans (WDS) are analyzed by image processing, building upon
techniques developed by Lydon (2005), Hicks et al. (2002), and Knight et al. (2002).
These four elements provide adequate chemical criteria to identify the various chondritic
components. Furthermore, if carbonaceous chondrites are the most primitive materials
surviving from the early solar system, the volumetric abundances of their petrologic
components should control the meteoritic bulk chemistry and perhaps provide unique
insights into the nature and origin of cosmochemical fractionations.
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2. OVERVIEW OF CARBONACEOUS CHONDRITES
2.1 Chemical and Physical Diversity
The bulk composition of the CI carbonaceous chondrites is considered the closest
chemical analogy for the bulk solar system based on two observations: 1) odd-mass
nuclei exhibit a linear trend on an abundance versus mass number graph; 2) the bulk
chemical composition is in excellent agreement with that measured for the solar
photosphere (e.g., Anders and Grevesse, 1989; Krot et al., 2003; Taylor, 2001). This
unfractionated chemistry of CI chondrites is used as the reference value for illustrating
the chemical departure from primordial compositions of all the other groups of
carbonaceous chondrites. Classification of carbonaceous chondrites into individual
groups is based on a collection of physical and chemical attributes, including oxygen
isotope abundances, oxidation state, and varying abundances of the petrologic
components, including CAIs, AOAs, and chondrules (Krot et al., 2003). Each
characteristic is related to crystallization and accretionary histories. The foremost
characteristic is a bulk composition having greater than or equal to the bulk refractory
element abundances of CI chondrites coupled with a relative depletion in volatiles (e.g.,
Scott et al., 2003). Refractory elements condense at temperatures of 1400 – 1850 K,
higher than the condensation temperatures of Mg-silicates and FeNi metal. Therefore, the
accumulation of material that resulted in carbonaceous chondrite formation must have
been derived from an early, hot stage of solar nebular development, and prior to any
sizable solid body accretion. However, it is important to note that the mineralogies and
textures in CI carbonaceous chondrites have been affected by other nebular processes
4

because all have undergone aqueous alteration. In addition, unlike all other groups of
carbonaceous chondrites, CIs are composed of >99% matrix (Taylor, 2001). Despite
these features, the bulk chemistry of meteorites in this group remains consistent. This is
also the case of CM, CO, and CR chondrites; despite varying proportions of petrologic
components, the bulk chemical trends in each group remain relatively constant.
Accordingly, a representative sample from each group is analyzed in this study to shed
light on how these physical variations might control the bulk chemistries.
2.2 Petrologic Components
As mentioned in the previous sections, carbonaceous chondrites consist of five
basic components: 1) chondrules (a petrologically diverse group of rounded droplets of
once molten silicate material); 2) CAIs (calcium- aluminum-rich inclusions, widely
considered as the first solid condensates); 3) AOAs (amoeboid olivine aggregates,
thought to be unmelted precursors to chondrules); 4) opaque phases (e.g., sulfides and
FeNi metal or magnetite, its oxidized equivalent); 5) matrix (fine-grained material that
acts as the binding medium for most chondrites). Table 1* lists the phase assemblages of
each of the five components (*All tables are located in the Appendix). These five
components can be thought of as the building blocks of a carbonaceous chondrite, each
providing a contribution to its bulk chemistry. Although the chondritic compositional
schematic is much more complicated than the divisions outlined above, the fact remains
that each component is distinguished by a set of characteristics including mineral
assemblage, volatile content, response to secondary processing, and thermal history. As a
result, the degree to which these components were concentrated or depleted in
5

carbonaceous chondrites provides us with insights into the physical processes within the
solar nebula environment.
In general, cosmochemical fractionations in chondrites could result from three
processes: 1) early condensation and evaporative processes; 2) interstellar and nebular
transport of material; 3) subsequent collisional and frictional heating during accretion
(Alfvén and Arrhenius, 1976). Previous work in meteoritics has made significant
progress in constructing thermodynamic and nebular evolution models of the chemical
and physical fractionations in the early solar system (e.g., Hewins et al., 1996; Cassen,
2001). In spite of this, the relative proportions of the components of carbonaceous
chondrites have not been sufficiently determined. The goal of this study is employ new
techniques for further insight into the genetic relationship between the general trends in
bulk chemistry of carbonaceous chondrites and the proportions of solids that comprise
them.
2.3 Types of Carbonaceous Chondrites
2.3.1 CM Chondrites
Of the three types of carbonaceous chondrites in this study, CM chondrites have
the closest bulk nonvolatile element abundances to CI chondrites. The main components
of CM chondrites are matrix, opaque phases, AOAs, type-A CAIs, and type-I chondrules.
Most have not experienced thermal metamorphism, but have undergone varying degrees
of aqueous alteration (Brearley and Jones, 1998). Aqueous alteration is indicated by a
series of features: 1) The presence of phyllosilicate phases in chondrules; 2) Replacement
of chondrule mesostasis by phyllosilicates resulting in a texture referred to as “spinach”;
6

3) Almost complete removal of FeNi metal by oxidation to form magnetite (Krot et al.,
2002; Brearley and Jones, 1998). Most CM chondrites are brecciated, observationally
indicated by the difficulty in locating well defined chondrules. The volumetric
abundances of chondrules are generally grouped with lithic phases of similar
composition, thought of as the fragments of obliterated chondrules (McSween, 1979).
Accordingly, image processing in this study follows this line of reasoning by grouping all
isolated phases of approximately identical composition to type-I chondrules. The oxygen
isotope abundances of bulk CM chondrites occupy a unique region on a three-isotope
oxygen plot compared to the bulk abundances of other chondrite groups. In general, CM
chondrites have the highest abundance of matrix of the three types in this study
(McSween, 1979; Brearley and Jones, 1998; Krot et al., 2003; Grossman, 1988).
2.3.2 CO Chondrites
The petrologic components in CO chondrites include: 1) All three types of
chondrules (type-I, type-II, type-III), CAIs (only type-A), AOAs, matrix, and a suite of
opaque phases. Although most CO chondrites are petrologic type 3, they exhibit subtle
differences in thermal alteration between individual specimens. In order to resolve this
issue, McSween (1977a) divided several CO specimens into one of three groups as a
function of increasing textural consequences of thermal metamorphism. Scott and Jones
(1990) expanded the subdivision schematic into seven groups. Kainsaz is among the least
metamorphosed chondrites of the CO group. One of the indicative features of petrologic
sub-type is an increase in the Ni, Cr, and Co contents of kamacite with increasing thermal
metamorphism. In addition, the presence of magnetite is characteristic of lower
7

petrologic types. Unlike most carbonaceous chondrites, phyllosilicates are not generally
found in CO chondrites (McSween, 1977a; Scott and Jones, 1990; Rubin, 1989, 1998;
Brearley, 1993b; Krot et al., 2003).
2.3.3 CR Chondrites
CR chondrites contain five main components: chondrules, CAIs, AOAs, matrix,
dark inclusions, and opaque minerals such as FeNi metal and sulfides. Most are
petrologic type 2, but have undergone slight variations of aqueous alteration. The type-I
chondrules are metal-rich, porphyritic, and mineralogically multi-layered. In some cases
they contain a unique assemblage of phyllosilicate alteration products and have rims
composed of Ca-carbonate, FeNi metal, and products of aqueous alteration. Interstitial
dark inclusions within the matrix are characteristic of CR chondrites. The most
significant aspect of the opaque phase assemblage is the positive Ni vs. Co trend that
corresponds to a solar Ni/Co ratio in FeNi metal. Oxygen isotope abundances from
whole-rock analyses form a unique mixing line on a 3-isotope plot. A number of CR
chondrites are breccias of at least two lithologies characterized by their dominant
component constituent: 1) chondrule-rich or 2) dark inclusion rich. (McSween, 1977b;
Bishoff et al., 1993a; Weisberg, et al., 1993; Kallemeyn et al., 1994; Krot et al., 2000b,
2002; Aléon et al., 2002; Weber and Bischoff, 1994b; Brearley and Jones, 1998).
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3. EXPERIMENTAL
3.1 Sample Selection
Fifteen non-serial thin sections, consisting of five each, of the Murray CM
chondrite (1769-2a, 1769-4, 1769-6, 1769-8, 1769-10), the Kainsaz CO chondrite (24862, 2486-3, 2486-4, 2486-8, 2486-9), and the Al Rais CR chondrite (1794-7.1, 1794-7.2,
1794-7.3, 1794-10b, 1769-10.2), were obtained on loan from the Smithsonian Institution.
These three carbonaceous chondrites were chosen as the best representatives for their
respective carbonaceous chondrite groups according to a set of mineralogical, textural,
and analytical criteria. Primary accretion occurred at the initial stages and immediately
prior to parent body accretion and is responsible for many of the primitive characteristics
in all chondrites, such as bulk chemistry, oxygen isotope abundances, and overall
oxidation state. In other words, this type of nebular process provides the basis for the
chemical and physical guidelines for the classification of chondrites. In contrast,
secondary alteration processes occurred during the latter stages or after parent body
accretion. Processes of this type include: thermal metamorphism, shock alteration,
aqueous alteration, and brecciation (Kerridge, 1988). Any degree of secondary alteration
has overprinted the historical record contained within the carbonaceous chondrites.
Accordingly, determination of volumetric abundances becomes increasingly difficult and
may result in a corresponding increase in error. Therefore, sample selection was confined
to those exhibiting minimal textural, mineralogical, and chemical consequences of
secondary alteration. The following subsections provide further details of each criterion
used for the sample selection process.
9

3.1.1. Brecciation
This paper defines meteoritic breccias as rocks that have undergone varying
degrees of alteration from parent body impacts (Bischoff et al., 2006). Meteoritic breccias
contain a wealth of information regarding the nature of parent body processes, such as
mineralogy and texture changes resulting from asteroidal impacts and the chemical
effects of impact related heating (Bischoff et al., 2006). They are frequently a mixture of
diverse physical and chemical regions in the parent body subsurface. Accordingly, these
processes alter the original conditions of carbonaceous chondrite formation. Therefore,
they are not good indicators of nebular conditions and omitted from this study. Previous
studies (e.g., Bischoff and Shultz, 2004) and optical observations during the course of
this study indicate that Murray, Kainsaz, and Al Rais evaded significant brecciation.
3.1.2. Shock Classification
The shock classification schematic developed by Stöffler et al. (1991) attempts to
quantify the textural and mineralogical changes associated with heat and pressure
generated by parent body impacts. The classification separates meteorites to one of six
shock stages. In the highest classification, S6, the matrix is completely recrystallized and
chondrules occur as small fragmented grains, rather than their primal form of rounded
droplet texture. On the other end of the spectrum, the Murray, Kainsaz, and Al Rais are
classified as the least, S1. Samples of this type include chondrites that exhibit minimal to
nil textural consequences related to impacts. Fe/Mg ratios in pyroxene and olivine
become more homogeneous with increasing temperatures and pressures of
recrystallization (Stöffler et al., 1991). Furthermore, the most unequilibrated phases
10

within a component are the most pristine indicators of early conditions during formation.
Repeated processing recycles material into a more homogeneous chemistry overprinting
the chemical proportions at time of crystallization (Hutchison et al., 1988). As phases
become more homogeneous, the threshold of pixels values on Fe, Mg, Ca, and Al X-ray
maps used to define each component becomes increasingly subjective. This creates
increasing difficulty during image processing by reducing contrasts along the edges of
components. Details regarding this diminishment in contrast will be revisited in later
sections as it pertains to the image processing algorithm used in this study, ISLM.
3.1.3. Aqueous Alteration
A classification first developed by Van Schmus and Wood (1967) and
reinterpreted by McSween (1987) defines the extent of aqueous alteration and thermal
metamorphism undergone by a chondrite. Using this petrologic type scale, type 3
chondrites are relatively unaltered and the values ranging from 2 to 1 correspond to
increasing degrees of aqueous alteration. Water ice was accreted into carbonaceous
chondrite parent bodies and was eventually melted by heating from the decay of 26Al
(Grimm and McSween, 1993). The influx of aqueous fluid into a chondritic mass,
typically propagating through fractures, caused alteration. A common consequence was
the redistribution of major elements within various chondritic components (Zolensky and
McSween 1988). In addition, several mineralogical products from aqueous alteration,
including phyllosilicates, sulfates, and oxides, formed. For example, in certain CM
chondrites, the serpentinization of fayalitic olivine is a prominent feature of aqueous
alteration (Hanowski and Brearley, 2001). In reference to this study, physical
11

mineralogical changes coupled with redistribution of elements is considered a substantial
source of error during image processing. All CM chondrites and most CR chondrites have
undergone some degree of aqueous alteration (Brearley and Jones, 1998, and references
therein).
3.1.4 Thermal Metamorphism
Increasing thermal metamorphism is indicated by values 4, 5, or 6, in the
schematic developed by Van Schmus and Wood (1967). The foremost consequence is a
progressive homogeneity of pyroxene and olivine compositions, evident by an increase in
magnesium with increasing thermal metamorphism. In addition, increasing thermal
metamorphism causes progressive delineation of chondrules and the recrystallization of
matrix into a more transparent medium (McSween et al., 1988). Not only can these
textural consequences cause significant changes from the initial physical characteristics,
but can easily lead to difficulties during volumetric analysis. The three meteorites in this
study are unmetamorphosed type 3.
3.1.5. Terrestrial Weathering
Terrestrial weathering can cause considerable mineralogical changes, such as
alteration of troilite or oxidation of FeNi to hematite. Noguchi et al. (1999) described the
effects of weathering on the Colony CO chondrite by the presence of Fe hydroxide-rich
weathering products and the redistribution of iron. This elemental redistribution is of
increasing importance to this study because it results in localized Fe concentration
increases along cracks and veins by the propagation of a mixture of chondritic iron and
12

terrestrial fluids. Considering that components during image processing are primarily
characterized by their respective chemical composition, localized transport of Fe-rich
fluids can jeopardize result reliability by skewing component boundaries. In order to
minimize this source of uncertainty, the meteorites selected for study were all observed
falls.
3.1.6. Hand Specimen and Thin Section Examination
Consequences of secondary alteration cannot be fully resolved solely on a microscale or macro-scale. Hand specimens and thin sections were examined to verify the
relative absence of secondary alteration phases described in previous studies and
observed microscopically in this study. In some sections, chondrules and CAIs had been
removed, most likely for separate analysis or incidentally during thin section preparation.
However, most empty spaces were within the well-defined boundaries of a given
component making for easy identification to avoid during sample selection. Otherwise,
they were avoided during selection of elemental X-ray map regions using an electron
microprobe.
3.1.7. Bulk Chemistry
The term “wet chemistry’ refers to a collection of classical methods used for
chemical analysis including, gravimetry, colorimetry, and titration. This technique is the
preferred method for chondrite bulk chemistry for several reasons. Results in wet
chemistry are not restricted to the same detection limits as most modern analytical
techniques (Potts, 1987). This eliminates data restrictions on particular chemical species,
13

which are innate to several analysis techniques including X-ray Fluorescence, Neutron
Activation, and Electron Microprobe Analysis. Second, colorimetry and gravimetric
techniques are able to distinguish Fe, FeO, and Fe2O3, and measure H2O+, H2O-, and CO2
contents. These measurements are important in quantifying differing oxidation states and
volatile contents in the chondritic components resulting from aqueous alteration. Most
specifically, H2O+ is the content of water within chondritic phases, whereas H2O- is the
water content in the porous medium, which in the case of chondrites is commonly the
matrix. Fe2O3 abundance is important to resolve differences among various primary
oxides, such as troilite and kamacite, from those formed by aqueous alteration such as
magnetite and hematite.
3.2 Meteorite Descriptions
3.2.1 Murray CM Chondrite
The petrologic components in the Murray CM chondrite are chemically
homogeneous with respective to their individual types. In the case of chondrules, nearly
all deviate very little from the Mg-rich olivine chemistry characteristic of type-I (Figure
1*) (*All figures are located in the Appendix). Chondrules are dominated by Mg-rich
olivine (type-I) and are well defined against the fine-grained hydrous matrix (McSween,
1979). In general, CAIs are type-A, which dictates the given bulk chemistry from
previous work (Brearley and Jones, 1998). Despite this defined compositional range of
CAIs, many are very small and in some cases difficult to resolve against the surrounding
medium, even in the RGB maps. Fine-grained AOAs are observed up to ~450 µm in
diameter. These components are broadly similar to type-I chondrules in composition and
14

include high temperature phases linking them as the “end member” of the first hightemperature phase condensation (Brearley and Jones, 1998). Physically, they have a
markedly different texture relative to type-I chondrules, although in most cases the
compositional deviation is very small. Therefore, they are treated as unique petrologic
components rather than summed with CAIs as refractory inclusions (McSween, 1979).
Matrix in this study includes the fine-grained binding medium with a distinct Fe-rich
chemistry and all mineral fragments not directly tied to a petrologic component in their
chemistry (McSween and Richardson, 1977). Isolated opaque phases, present in sizes
greater than 4 µm in diameter, are rare in Murray. Previous work has suggested that the
aqueous alteration exhibited by all CM chondrites resulted in opaque phase oxidation. As
a result, all opaque phases are considered part of the matrix.
3.2.2 Kainsaz CO Chondrite
Shown in Fig. 2, chondrules in Kainsaz include type-I (Mg-rich), type-II (Ferich), and type-III (Al-rich). Results from this study indicate that the most dominant are
type-I chondrules comprising 43.0 vol.%, whereas type-II and type-III combined equal
3.8 vol.%. Type-I chondrules are the most populous component in the Kainsaz, and
matrix is the second most abundant component. Of the three chondrites in this study, all
major components are on average substantially smaller in Feret’s diameter, the greatest
distance between any two parallel lines tangent to the profile of a particle, and occur as
solitary entities more frequently. The process of isolating multiple components with
complex boundaries introduced a unique challenge during image processing (figure 3). In
general, CAIs are all type-A, and clearly distinguished from the surrounding material,
15

including type-III chondrules which in some cases exhibited similar trends in Al2O3 and
CaO concentration. Type-I chondrules, type-II chondrules, and AOAs are clearly distinct
from one another, indicating an absence from the equilibration effects of thermal
metamorphism. Unlike Murray, opaque phases are of sufficient size and abundance to
allow isolation by their clear absence of measurable MgO, CaO, and Al2O3. It is
important to note that had Kainsaz been a highly metamorphosed CO chondrite,
volumetric abundances, especially type-II chondrules, matrix, and AOAs, would have
most likely been unattainable due to the lack of contrast in pixel values along component
edges.
3.2.3 Al Rais CR Chondrite
Encompassing a simple and distinctive set of petrologic components, Al Rais
exhibits the most homogeneity among the three samples in this study (Figure 4). All
chondrules are type-I in composition, frequently 500-750 microns in diameter, and
dominated by large angular olivine grains. Al2O3-rich phyllosilicates exist as interstitial
veins distributed throughout the interiors of nearly all chondrules, indicating a history of
aqueous alteration (e.g., McSween, 1987). Despite the frequent occurrence of
phyllosilicates, most olivine grains did not undergo any substantial serpentization nor do
the veins propagate beyond the chondrule rim. These two observations suggest aqueous
alteration occurring between chondrule condensation and the accretion of matrix material
(Bischoff, 1998). Similar to Murray, the matrix phase assemblage is dominated by
randomly distributed small Ca-rich grains. These solitary phases are clearly distinctive in
grain size from the surrounding matrix material; however, they cannot be chemically
16

associated with any of the main petrologic components. Therefore, these phases are
incorporated with matrix during image processing. CAIs are all type-A in composition
and occur as amorphous agglomerates of CaO and Al2O3-rich material. Despite a
remarkably similar composition to type-I chondrules, AOAs can be isolated based on
their fine-grain size and amorphous texture and near absence of aqueous alteration.
Finally, opaque phases, especially FeNi metal, occur either directly associated with
chondrules indicating a coincident formation or isolated in the matrix. FeNi metal grains
occupy a large portion of chondrule rims, typically occurring as small nodules forming
concentric radial bands spanning outward from the chondrule interior. FeNi metal within
chondrule boundaries occurs as small nodules similar to those found in chondrule rims.
However, in the case of these “interior” nodules, there appears to be no preferred
orientation, but rather a chaotic distribution of relatively uniform size grains. Sizes of
FeNi grains occurring throughout the matrix range from coherent grains larger in
diameter than some chondrules to small nodules similar to those found associated with
chondrules. Dark inclusions are a common constituent of CR chondrites, occurring as
lithic clasts that cannot be chemically associated with any of the isolated chondritic
components. Previous work by Endreb et al. (1994) indicated that these dark inclusions
have nearly identical composition to matrix despite their well-defined consistent
orientation. The lack of distinctive contrast exhibited in X-ray elemental maps between
matrix and dark inclusions reaffirms the chemical studies. In accordance with these two
lines of evidence, final calculations of matrix incorporate the vol.% occupied by dark
inclusions.
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3.3 Map Acquisition
Four elemental X-ray maps were produced simultaneously using four energydispersive spectrometers mounted on a Cameca SX50 at the University of Tennessee.
The four analyzed elements were Mg, Fe, Ca, and Al. These were chosen for two reasons.
First, they are sufficient to characterize each of the components, opaques, chondrules,
CAIs, AOAs, and matrix in this study. Second, the four spectrometers on a Cameca SX50
Electron Microprobe allow the simultaneous acquisition of four elemental X-ray maps
during one measurement period. In order to obtain more than four X-ray maps, the
acquisition process must be repeated. Since the four elements, Mg, Fe, Ca, and Al are
sufficient to characterize each petrologic component regarded in this study, additional
measurement periods were unnecessary.
The spectrometers were held in a stationary position while the stage was moved
in a stepwise motion in the x, y plane. By moving the stage instead of the beam angle, the
error associated with the fall-off in signal intensity when the deflected beam strays from
its correct position is minimal (Reed, 2005). As the stage moves during analysis in the
x-y plane, each step records the number of X-ray counts (Andrade et al. 2006).
Measurements are recorded as a series of pixel values compiled as an uncompressed
TIFF or “X-ray map” effectively illustrating the distribution and abundance of an
element. Mathematically, each resulting X-ray map is an n x m matrix of x values. Each x
value is a qualitative representation of the concentration of a given element at that point
(Cossino et al. 2002).
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Operating conditions varied very little during map acquisition. Beam currents
were held constant for all analyses at 20nA. Dwell times were 100ms in three maps and
20ms in the other fourteen. Step sizes ranged from 4µm to 7µm depending on grain size,
determined at two different times to evaluate consistency. First, measurements were
made optically with photomicrographs and then again at the electron microprobe through
the mounted mechanical microscope. Image sizes are either 512 x 512 pixels or 1024 x
1024 pixels, chosen carefully in order to maximize sample area by avoiding regions
outside of the sample edges on the thin section.
3.4 Image Processing - ISLM
Analyses of volumetric abundances of the primary components, chondrules,
CAIs, AOAs, opaque phases, and matrix, were conducted using the image processing
software, ImageJ, and elemental X-ray maps. The method used in this study, referred to
as, Isolation by Multiplication or ISLM, is a modification of existing methods for modal
analysis by Lydon (2005), Hicks et al. (2002), and Knight et al. (2002). In these previous
publications pioneering new modal analysis methods, the algorithm was based on the
distinctive chemistry of a series of phases. In the case of the present study, chondritic
components are aggregates of several phases, in several cases one phase occurs in
multiple types of components. Therefore, setting an algorithm in accordance with phase
chemistry is not possible. Despite this added complexity, each type of component
contains a unique assemblage of phases (table 1). Characterizing the various components
during the image processing was completed by isolating these characteristic assemblages,
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similarly to previous work that uses characteristic chemistry of phases as the guideline
for modal analysis (e.g., Lydon, 2005).
ImageJ is a Java-based image processing application that allows for accurate
volumetric analysis by manipulating user-controlled thresholds, mathematically
manipulating images using Boolean operators, and the isolation of target components by
segmenting binary images (Abramoff et al., 2004). The software with source code is
freely available in the public domain at http://rsb.info.nih.gov/ij/. In this study, the base
program was customized to increase efficiency and effectiveness for application to this
study, made possible by the open Java source code. The application also has a built-in
macro language similar to PASCAL and a series of plug-ins written in Java, both
packaged with the software and available at the ImageJ homepage.
Two important constraints were employed prior to any imaging analysis in order
to accurately use phase assemblages as the guideline for analysis. First, the chemical and
physical characteristics of each component were detailed prior to any imaging analysis.
Second, previous studies on both individual phases and bulk chemistry were used to
determine regions of interest on each X-ray map (e.g., McSween and Richardson, 1977).
Compound RGB images and photomicrographs were cross-referenced for accuracy of the
chemical schematics.
The goal of the image processing algorithm is to construct a binary image
representing a singular target component as all pixel values equal to zero and the
remaining pixels or “background” equal to 255. A simplified example of the following
algorithm is illustrated in figure 5 for visual accompaniment to the following description.
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The process begins by selecting one of the X-ray maps, Fe, Mg, Ca, or Al, as the parent
image. In figure 5, the parent map is represented as p(x,y), where x and y represent planar
coordinates in image p. It is critically important to select the correct parent map because
the pixel value characteristics of the given component are held constant during all
subsequent operations (Figures 7 and 8). Next, the goal is to convert all the pixels from
the parent map that do not correspond to the target component to a value of zero while
preserving all others with their original 16-bit value. This begins by selecting one of the
three remaining image, represented as f(x,y) in figure 5. This child image is thresholded
to a range of pixel values previously determined on the basis of phase assemblage. The
subsequent binary image is multiplied by the parent image. This image mathematical
operation converts all pixels that are not representative of the target to zero, while
preserving all other pixels. This process is repeated for the other two “child” images.
After all three child X-ray images are processed; the final “product” map effectively
isolates the target component while preserving pixel values from the original parent
image, an illustrated example is given in figure 5 as the final pixel grid, p2(x,y) . In
certain circumstances, those final values are further processed to refine the results by
resolving subtle differences among sub-types, micron-scale variations, and possible
artifacts introduced during processing for X-ray map acquisition. However, it is worth
mentioning that one application that stood out was the clear quantitative evidence for
zoning of large FeNi metal grains in the Al Rais CR chondrite (Figure 9).
Volumetric abundances were calculated by running the ‘analyze particles’
algorithm, which counts the number of pixels occupied by a user-controlled dynamic
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range of values. At the beginning of post-processing, images were converted from 16-bit
to 8-bit binary images. These contrast-enhanced images consist of two pixel values: the
particles occupied by a target component are given a pixel value of 0 and all remaining a
value of 255. Following image conversion, the ‘analyze particles’ algorithm encompasses
three main operations to arrive at volumetric percentages: 1) the number pixels with a
value of zero are summed; 2) the summation number is divided by the total number of
pixels in the given image; 3) the resulting percentage along with several additional
statistics (average area, minimum area, maximum area, etc.) is reported in a tabdelimitated text document.
The vital assumption made in evaluating the reliability of the final results is that
the area percentages of each measured component are equivalent to the volume
percentage. According to the Delese Relation, the following relationship is valid as long
as a sample is relatively homogeneous:
(1)
This ratio states that the area of component a, Aa, relative to the total area, At, is a
consistent estimate of the volume of component a, Va, relative to the total volume, Vt, of
the measured area (Chayes, 1956). Although this is a rudimentary assumption, it is of
special importance to this study. All thin sections are cut from non-serial locations to
maximize sample diversity and assess heterogeneity. Additionally, photomicrographs
were taken of each section to evaluate inconsistencies in texture, grain size, secondary
processing, etc. All were found to have only small variations in physical characteristics,
indicating a minimal heterogeneity bias. Since the homogeneity of all three samples is
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confidently established the above assumption is upheld, supporting the decision to use the
terminology “volume” percentage instead of “modal/area” percentage. Details regarding
the image processing of each target component are outlined in the following subsections.
3.4.1 Calcium- and Aluminum-Rich Inclusions, CAIs
Of all the components in this study, CAIs posed the greatest difficulty during
image processing due to variable texture, common fine-grain size, and large variations in
mineralogy. Despite these complications, all the CAIs are type-A in composition, which
is in agreement with previous work (e.g. Grossman, 1972). Considering the dominance of
both CaO and Al2O3 in CAIs, a compound parent image produced by combining a
significant portion of the Al map pixel range to the parent Ca map was required (Figure
8). This allowed for the quantification of CAI proportions.
3.4.2 Amoeboid Olivine Aggregates
AOAs have a composition similar to that of type-I chondrules, causing difficulty
in resolving between the two during image processing. Additional measures were taken
to resolve these chemical overlaps using both chemistry information from RGB image
maps and observational information from photomicrographs. Due to their amorphous
texture and fine-grain size, AOAs are observationally distinct from type-I chondrules.
Using this physical distinction, AOAs were isolated from chondrules on a binary image.
Although this manual technique for separation of AOAs introduces an additional margin
of error, it was considered an acceptable method because of AOAs unique shape and
texture.
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3.4.3 Chondrules
Chondrules are the largest isolated component in this study, in both Feret’s
diameter and area. Al Rais and Murray contained only type-I chondrules, whereas
Kainsaz incorporated type-I, type-II, and type-III. In all three samples, the Mg X-ray map
was used as the parent image. Acceptable isolation of all three types of chondrules was
not possible using the final product image alone. Therefore, textural evidence and crossreferencing with RGB images was necessary. In order to maintain result cohesiveness, all
phases within a defined boundary and having similar chemistry were considered part of
the chondrule. Most of the chondrules, especially those in the Murray, contained a variety
of Al-rich phyllosilicates and FeNi metal along the chondrules rims and Al-rich phases in
the mesostasis. In addition, small fragmented phases were scattered throughout the matrix
of similar composition to type-I chondrules. Accordingly, these were included in the final
abundances of chondrules.
3.4.4 Opaque Minerals
The opaque phases, primarily troilite and FeNi metal, do not contain any
significant amount of Mg, Ca, or Al (Figure 7). Therefore, these components were the
most straightforward of all the target components. The Fe X-ray map was accordingly
selected as the parent image and child maps were thresholded to nearly 100% in order to
remove pixels that contain measurable Mg, Ca, and Al. On the final product image,
isolating individual opaque phases, such as troilite and FeNi, was not possible because of
subtle differences in raw Fe X-ray map measurements. Therefore, the results of image
processing included a value for all opaque phases, regarded as one component.
24

The final volumetric abundances of opaque minerals were adjusted according to
two criteria. First, opaques directly associated with chondrules either along the rims or
within the interior were removed from final product image. This assumption is supported
by the work of Connolly et al., (2001), who divided FeNi metal into two types according
to RPGE/Fe, Ni/Fe, Co/Fe, and Rvol-sid/Fe. In addition, they observed that these chemical
characteristics follow two general spatial distributions: 1) along the rims of and within
the mesostasis of chondrules; 2) isolated in the matrix. Second, prior to calculations, the
total opaque abundance was divided into individual phases using modal percentages in
previous studies (e.g., Weisberg et al. 1993). Among the five oxides used for comparison
in this study, final FeO weight percents are the closest to that of previous wet chemical
analyses. This suggests that final FeO calculations are strongly influenced by volumetric
proportions of opaque phases. Without any measurable opaque phases in Murray, the
degrees of freedom involved during FeO calculations is reduced by one, yielding more
accurate results.
3.4.5 Matrix
The parent elemental map used for matrix analyses depended on the respective
dominant oxide in each of the three meteorites (Figures 1, 2, 4). RGB images indicate a
complimentary Fe and Mg content in the matrix of the Al Rais and Murray chondrites.
Rather than selection based on the dominant element, the Fe X-ray map was chosen as
the parent map because it was not used as the parent during calculations of the chondrule
or AOA abundances. In the case of the Kainsaz, matrix is dominantly Mg. Hence, instead
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of following suit with the Al Rais and Murray, the Mg X-ray map was chosen as the
parent map.
The matrix image processing algorithm differs from that used for opaques, CAIs,
chondrules, and AOAs. Here, each previously determined binary component was
multiplied by the chosen matrix parent image to remove the components from the matrix.
At first glance, this method may seem to result in an artificial 100% abundance
summation. However, this is not the case. Each component was evaluated independently
of one another by using component-specific parent images and threshold ranges unique to
a given mineral assemblage. Therefore, the total abundance of components subtracted
from 100% does not necessarily equal the matrix abundance. In several instances,
multiple isolated phases were found within the matrix not directly chemically associated
with any one component. In the Murray, scattered Ca-rich phases on the scale of a few
pixels or 30-50 microns were spatially widespread in the matrix. Considering the
heterogenic nature of the matrix in comparison to the other components, these isolated
“extra” phases included in the calculation of matrix abundance.
3.5 Calculations
The purpose of the calculations was to determine accurate sets of the volumetric
abundances of the petrologic components for each sample and estimate the sample bulk
chemistry of the five oxides, MgO, FeO, CaO, Al2O3, and SiO2 from the component
proportions. An illustrative supplement, in the form of a flow chart, to the following
sections detailing the calculation process is provided for reference in Figure 6. The
numbered equations in the following section correspond to matching numbers in the right
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column of Figure 6. In addition, the letters in the right-column associated with the
equation references, refer to the tables listed in Tables 6-8.
The compositional information and volumetric analyses from previous work were
used for cross-reference and the evaluation of accuracy (i.e., McSween 1977a, 1977b,
1979; Weisberg et al., 1993). Since the publications of modal and wet chemical work on
the meteorites under investigation, there have been major developments in the
classification for chondrules and CAIs. To account for these recent developments, this
study did not follow the classification schematics laid out in the original modal work.
Rather an updated version is used, accounting for all carbonaceous chondrite work to
date. The most significant adjustment is the isolation of AOAs from CAIs rather than
grouping them together under the heading refractory inclusions.
Before calculations began, a series of tests were conducted to test the validity of
the data. The summed results within ±1% of 100% were viewed as acceptable, absent of
any measurable heterogeneity bias. Second, results were compared with modal analyses
from previous work (e.g., McSween, 1977a). Although no quantitative comparison was
ascribed to the comparison, the results are in reasonable agreement with previous optical
point count studies (table 2). In most cases, thin sections chosen for this study are
different from those in previous work. Therefore, the complementary results of
independent regions of the sample support the assumption that the results in this study are
representative of the whole.
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Due to the variable map size, abundances of each component were scaled with a
normalization factor, ASF, equal to the quotient of the area of a given X-ray map, divided
by the total map area of a given sample, s.
(2)
The scaling factor determined for each map, ASF, was then multiplied by the initial
volumetric abundance of a given component, i, to arrive at an adjusted volumetric percent
fraction of component, fr. Next, all the scaled fraction abundances were summed to
achieve an adjusted volumetric abundance accounting for the variable map sizes.
(3)
(4)
Densities of each component were determined using one of two methods
depending on data availability. In the case of AOAs, type-I chondrules, type-II
chondrules, and type-III chondrules, the normative phase assemblage was determined
using the CIPW norm calculation procedure (table 3). The component bulk densities
equate to the summation of phase densities scaled to relative areas. However, this was
not applicable to density calculations of the matrix and type-A CAIs. The CIPW norm
algorithm is based on the common rock forming minerals, including the anhydrous endmembers, of terrestrial igneous rocks. Melilite is the dominant phase in type-A CAIs and
not considered a common rock-forming mineral. In accordance, the density of Type-A
CAIs was determined by the summation of relative phase densities scaled by modal data
in previous work (Table 3). In the case of the matrix in both the Kainsaz and Al Rais,
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modal data on matrix data were unavailable, and therefore a method for determining
density that used modal recombination, such as the CIPW norm, was not an option. In
these cases, the density of matrix was determined by subtracting the sum of all
components from the bulk grain density of the sample.
To arrive at mass fractions, the volumetric abundance of a given component was
multiplied by density. In addition, it was necessary to take into account the porosity of
the sample. Previous work by Britt and Consolmagno (2003) commented on several
general mineralogical controls on the bulk porosities and grain densities of the CM, CO,
and CR carbonaceous chondrite groups. The grain densities of CM chondrites are similar
to terrestrial clays. In CR chondrites, the grain density is derived from balancing the
densities of the opaque mineral assemblage density with the much lighter phyllosilicates
and volatile content in the matrix. Porosity measurements of members of the CO
carbonaceous chondrite group widely varied, ranging from 4.0% to 23.5%. Therefore,
they were unable to assess the general trends in CO chondrite porosities. Based on the
observations for CR and CM chondrites, porosity is assumed to be in the matrix. Under
this assumption, the mass fraction of the matrix was multiplied by the difference in
porosity from 100%. In addition to the above, this seemed a likely assumption
considering the fine-grain size and homogeneous physical nature of the matrix in all three
samples. Weight percentages of the petrologic components, C, were calculated by
dividing the mass fraction of component, C, by the grain density of the sample meteorite,
S.
(5)
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(6)

The grain density of a meteorite is a function of the mass and volume of the mineral
assemblage, whereas bulk densities are calculated as a function of rock volume and pore
space. Since the porosity of the sample has been taken into account, grain densities are
more consistent with calculations.
Finally, the volume weight percentage of a component, i, was multiplied by its
respective bulk MgO, FeO, CaO, Al2O3, and SiO2 weight percent from previous work
(Table 4). The product is the fraction of the oxide. All products of each respective oxide
were summed to arrive at sample bulk chemistry. These results were then compared to
wet chemical data in order to validate the results.
(7)
(8)
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4. RESULTS
Various attempts have been made to determine the proportions of the petrologic
components of carbonaceous chondrites, principally involving one of two methods: 1)
optical point-counting methods (e.g. McSween, 1977a); 2) modal recombination from
electron microprobe analysis (e.g. Weisberg et al., 1993). The data provided by these
studies are viewed as sufficiently accurate, and hence, commonly cited in meteorite work.
Optical point counts have a set of advantages and corresponding disadvantages.
McSween (1979) cited several advantages to using optical methods for point counting in
a study of CM chondrites. First, using transmitted and reflected light simultaneously
opaque mineral assemblages can be resolved from surrounding material. Second,
pyroxene and olivine grains in reflected light exhibit subtle differences in optical relief
relative to fine-grained matrix material. Van der Plas and Tobi (1967) outlined a method
for determining the error associated with optical point counts, commonly used in
previous work (e.g. McSween, 1977). Assuming a homogeneous rock, reliability is
measured by the standard deviation, σ, of the population of a mineral by volume, p, and
the total number of points counted, n, in a given thin section, (Van Der Plas and Tobi,
1965).

(9)
The disadvantages of optical point counting methods include several innate
sources of error including: operator error, differences in optical characteristics of various
phases, resolution limitations, and acceptable time spent conducting point counts. In
addition, previous point counting methods were limited to only a few representative thin
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sections, typically no more than two of each chondrite, due to the limited availability of
carbonaceous chondrites (i.e. McSween 1977a, 1977b, 1979; Weisberg et al., 1993).
ISLM attempts to resolve these shortcomings by implementing a two-fold
strategy. First, the number of thin sections, and hence area, of each sample exceeds that
of previous work. In addition, the thin sections cited in previous work were avoided for a
more accurate comparison. If the analyses are coincident, then the reliability of the
volume to area equivalency assumption is strengthened. Second, the thin sections were
extracted from non-proximal locations in the parent hand sample. The primary purpose of
this course of action was to avoid repetitive analyses, which is innate to serial thin
sections. It is important to note that using non-proximal thin sections reduces the ability
to resolve the volume of each component by for 3-dimensional projection from serial thin
sections (Hezel, 2007).
Inconsistencies between operators are difficult to resolve in both optical and
image processing methods. However, when the chemical analysis of a specimen is used
as an index for the determination of volumetric compositions, petrographic work is of the
highest quality (Chayes, 1956). Since X-ray map data values are qualitative
representations of the chemical abundance of a given element, they are more reliable than
information obtained using a petrographic microscope. Many phases exhibit petrographic
differences when viewed through both transmitted and reflected light and in thin sections
of different thicknesses. Because this variability is difficult to quantify, question of error
associated with mineral misidentification remains an open ended question. Results from
image processing techniques are not influenced by the petrographic uncertainties.
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X-ray maps can be best interpreted using mathematical nomenclature. Each pixel
on a 16-bit X-ray map can be thought of as a 3 dimensional vector,
(10)

where x and y represent planar coordinates and z represents the relative concentration of
a given element as a value displayed in a 16-bit dynamic range of brightness levels.
Accordingly, the following matrix bears true for each point, n, on a given map.

(11)

The total number of points counted during image processing is equal to the number of
rows multiplied by the number of columns. In contrast, the number of points reported in
optical methods is equal to the number of stage advancements, such that each step is
greater than the largest target grain (Van Der Plas and Tobi, 1965; Chayes, 1956). It
becomes quickly apparent that for a 1024 x 1024 pixel map equating to (1024)2 or
1,048,576 points, is many orders of magnitude greater than that in optical methods.
Despite this great advancement in resolution, it is important to note that ISLM is
not without sources for error. First, pixel values are not quantitative representations of the
actual concentration of a given element. Rather, each pixel is an approximation controlled
by beam size, dwell time, operating voltage, and the element under investigation.
Accuracy of ISLM depends on the resolution that is sufficient to spatially resolve each
component in a given sample. Therefore, the minimum pixel resolution must be less than
the smallest component size allowing separation from the surrounding matrix material
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and the component edges. Figure 3 illustrates the complex boundaries between various
components. In order to determine the volumetric abundance using ISLM, each
component must be isolated on the basis of chemical signature, texture, and orientation.
The pixel resolution of the majority of the Kainsaz maps is 4 µm, small enough to fully
resolve each of the necessary criteria. The accompanying RGB maps are constructed by
assigning an X-ray map a color channel (red, green, or blue) then superimposing all three
channels into a map exhibiting not only spatial distribution of each element, but also the
relationship between combinations of the elements and how they pertain to each
component.
Physical changes from alteration associated with secondary processing generally
remain relatively uniform throughout each sample. However, this is not the case for some
carbonaceous chondrites. The most drastic changes occur in the regolith breccias, where a
single meteorite consists of two or more separate lithologies. The reliability of ISLM was
not tested for medium to heavily altered samples or for meteorites of consistent small
grain size, such as the CH chondrites. Further studies are needed for commenting on
complications and the corresponding adjustments necessary for ISLM to account for
secondary processing.
The volumetric abundances of each petrologic component, after area
normalization, from image processing are summarized in Figure 10. These are in good
agreement with results in Table 2. Each component wt.% was multiplied by its respective
bulk chemistry presented in Table 4. The source of the chemical data is listed in the same
table, carefully selected to be the best representative values for carbonaceous chondrites
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(e.g. Grossman, 1975; Mao et al., 1990; MacPherson et al., 1988; Komatsu et al., 2001).
In all cases, aside from matrix, the component bulk chemistry data was not available for
the samples used in this study. However, using literature data for components in
carbonaceous chondrites seems a reasonable assumption for several reasons: 1) In
general, the bulk chemistries of the major components exhibit minimal variation between
carbonaceous chondrite groups (e.g. Brearley and Jones, 1998). 2) The accompanying
petrographic data matched those detected observationally in all three samples in this
study. 3) Finally, classification of each component was kept to the basic definitions given
in large part by original work by McSween, (1977a), McSween (1977b), Grossman
(1972), etc. Ignoring the subtle variations in component subtypes, for example A, B, AB
of type-I chondrules, limits the possible introduction of unnecessary complexities.
Elements used for bulk chemistry comparison in this study were the major oxide
components present in all petrologic components; FeO, CaO, MgO, Al2O3, and SiO2.
Table 5 presents the results from bulk chemistry calculations. These values were tested
for reliability by comparison with previous wet chemical work, considered to be the
superior method for determining the bulk chemistry of a sample. In addition to the
tabulated comparisons in Table 5, Figures 11-13 graphically illustrate these trends. The
details regarding the relationships between the estimated and wet bulk chemistries are
further explored in the next section, especially the consistent discrepancy in Al2O3 values.
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5. DISCUSSION
5.1 Al2O3 and CAI Abundances
To a first order, the difference in Al2O3 wt.% between that calculated in this study
and that analyzed by wet chemistry widens with increasing proportion of CAIs (Kainsaz
→ Murray → Al Rais) (Figures 11-13). However, this relationship is most likely only an
artifact of the implicit correlation between refractory lithophiles and CAIs. Figure 14
illustrates the close correspondence of estimated bulk Al2O3 and CaO concentrations with
varying proportions of CAIs. The R2 values for both trends are within 0.03 of 1.00 R2.
This suggests that the consistent Al2O3 difference between wet chemical data and those
estimated in this study is most likely attributed to the proportion of CAIs rather than error
associated with ISLM.
The source for Type-A (melilite-rich) CAI bulk chemistry used in this study is a
summary of work by Mao et al., (1990), Wark and Lovering (1982), and MacPherson et
al., (1988). In general, CAIs are divided into one of three types: Type-A, Type-B, or
Type-C. However, the diversity among CAIs is much more complex than the types
outlined above. Among the three types, only Type-As are found in CM, CO, and CR
chondrites. CAIs are now sub-divided by a characteristic mineralogical assemblage from
the following phases: grossite, hibonite, spinel, pyroxene, melilite, and anorthite. (Scott
and Krot, 2005 and references therein). In reference to CM, CO, and CR chondrites,
melilite-rich (or Type-A) CAIs are common in both CO and CR, but rare in the CM
chondrites. Additional CAIs types include hibonite ± spinel-rich CAIs, common in CM
and CO chondrites but rare in CR chondrites, and spinel ± pyroxene-rich CAIs, common
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in CM, CO, and CR chondrites. This mineralogical and chemical diversity introduces a
problem during chemistry calculations. The assumption that CAIs in the Murray,
Kainsaz, and Al Rais can be described by only type-A composition may be incorrect.
This discrepancy is explored further in the following section on a sample specific basis.
The CAIs in CR chondrites exist as fine-grained to completely melted inclusions
(Aleon et al., 2002). Despite this variation, all CAIs originate as nebular condensates and
consist of the same dominant mineralogical assemblages of grossite, hibonite, spinel,
melilite, and pyroxene. The inconsistency in Al2O3 values in Figure 11 may be linked to
the effects of aqueous alteration on CAIs in the Murray. Approximately 90% CAIs
contain phyllosilicates (Lee and Greenwood, 1994). These serpentine-tochilinite phases
contain a much greater concentration of Al2O3 (up to 27.79 wt.%) than the same phases
found in matrix (3.7 wt.%). In addition, the Al2O3 concentration of bulk CAIs in CM
chondrites ranges from 67 wt.% (MacDougall, 1979) to 23.1 wt.% (Mao et al., 1990).
Therefore, the errors involved in the Al2O3 calculations in Figure 11 are most likely a
combination of both, neither of which contradict the reliability of ISLM.
Aside from a consistent discrepancy in Al2O3 values, the wet chemical values of
all three samples are within the error margins of the estimated bulk chemistry (Figures
10-12). Most of the values in Table 5 indicate this clear relationship between the physical
components and bulk chemistry. Sources for the Al2O3 anomaly are most likely due to
the proportions of CAIs, indicated by an approximately linear relationship between Al2O3
concentration and volumetric proportions of CAIs (Figure 14). Furthermore,
classification of CAIs is much more complex than the three-fold schematic employed
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during calculations in this study. CAIs make up a greater proportion of the Kainsaz than
in the Murray or Al Rais. It is likely that CaO concentrations follow suit with deviations
in Al2O3. However, this discrepancy is only indicated in the Kainsaz chondrite because of
its greater proportion of CAIs in reference to the Murray and Al Rais. Accordingly, the
Al2O3 anomalies do not contradict the physical and chemical relationship hypothesis
proposed in this study. Rather, they are most likely an artifact of CAI subtype variability.
5.2 Refractory Mixing
Figure 14 illustrates that the refractory element composition in the Murray,
Kainsaz, and Al Rais is controlled by the volumetric abundance of CAIs. In addition to a
direct correspondence between both Al2O3 and CaO with CAIs, the strong similarity
between the trends of each line indicates that both Al and Ca are controlled almost
equally by the proportion of CAIs in the three samples. To examine this relationship
further, the atomic weight ratio, Mg/Al is plotted against Si/Al in Figure 15. This
relationship of refractory normalized atomic weight ratios has been presented in previous
papers by Shu et al. (1996) and Larimer and Wasson (1988). All three meteorites in this
study plot along a linear trend between the CAI and CI compositional regions in Figure
15. Larimer and Wasson (1988) suggested this trend can be explained by a mixture of
solar composition material (CI chondrites) with varying proportions of CAIs.
Amoeboid olivine inclusions (AOA) consist of both a refractory component and
olivine of nearly pure forsteritic composition (Weisberg et al., 2004). Therefore, an
increasing proportion of AOAs could cause the bulk composition of a chondrite to shift
away from CAI composition, in a positive direction, along the CAI-CI line. Since the
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volumetric abundance of AOAs does not seem to influence the refractory ratios Mg/Al
and Si/Al, the Al content in all three samples is most likely attributed to the volumetric
abundances of CAIs, further supporting the findings of Figure 15.
5.3 Oxygen Isotopic Trends
Oxygen isotopes in carbonaceous chondrites are of great importance to
understanding the physical and chemical interactions between gas and solid phases in the
solar nebular environment. Most chondrites are heterogeneous mixtures ascribed to the
isotopic trends of various fractionation events in the solar nebula (Yurimoto et al., 2008).
Furthermore, the main petrologic components, CAIs, AOAs, chondrules, and matrix each
contain their own unique oxygen isotopic signatures. Scott and Krot (2005) noted that the
source of oxygen isotope compositions in CAIs and chondrules can be attributed to
different processes. The 16O-rich CAIs likely formed close to the sun by a combination of
condensation and evaporation. Chondrules formed in a much cooler region of the nebula
in exchange with a 16O-depleted gas. Zanda et al. (2006) established a relationship
between the oxygen isotopic signatures and volumetric proportions of the main petrologic
components using the modal data of McSween (1977). Zanda et al. (2006) graphically
illustrated that the proportions of chondritic components and oxygen isotopic
compositions are linearly related. Furthermore, they presented evidence for the presence
of a finite number of chemical reservoirs in the solar nebula (Zanda and Hewins, 2006).
All carbonaceous chondrites are agglomerations from a mixture of these reservoirs
resulting in the observed linear correlation between oxygen isotopic compositions and
volumetric proportions of the petrologic components. In the present study, we used
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oxygen isotope data from Clayton (1999) and our own volumetric measurements to test
the hypothesis of Zanda et al. (2006). The results of these findings are illustrated in
Figures 16 and 17. The trends presented in Zanda et al. (2006) are also plotted for
reference.
Matrix vol.% results are plotted in Figure 16 with bulk oxygen isotopic
compositions. To accurately compare the two trend lines, both lines are set to intersect
the y-axis at 1.0 following the reasons outlined in Zanda et al. (2006). Despite the
ambiguity introduced by controlling the y-axis intersect, the coefficients of determination
(R2) differ by less than 3% and the slope of the trend line in this study is only 0.006
greater than that of Zanda et al. (2006). It is important to note that the quantity of data
points in the Zanda et al. (2006) study is several orders of magnitude greater than the
present study. This suggests that the slope correspondence is much weaker indicator
compared to the regression value. Regardless of which comparison is the more accurate
neither contradicts the other. Therefore, it is safe to say that the volumetric abundances of
matrix from this study support the findings in Zanda et al. (2006).
Figure 17 compares oxygen isotope data to refractory inclusion abundance. The
most significance between the two graphs is the y-axis intercepts. In Figure 16, intersect
is held at 1.0. Whereas in the latter figure, intersect is not controlled and allowed to
propagate with the predictability trend. The data from Zanda et al. (2006) in Figure 17
intersect the ∆17O line at 0.17, close to the oxygen isotopic composition of CI chondrites
(~0.16). In the present study, the ∆17O intersection point is -0.875, well below the CI
chondrite composition. However, the slopes between the two trend lines differ by only
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~0.081 with strong predictability measurements. Therefore, despite the difference in yaxis intersection points, the similarity between the two studies provides further support
for the mixing trends described in Zanda et al. (2006).
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6. SUMMARY AND CONCLUSIONS
The volumetric abundances of the petrologic components in three representative
carbonaceous chondrites were determined in an effort to evaluate their possible control of
chondritic bulk chemistry. Variations in the bulk compositions of carbonaceous
chondrites have been ascribed to either physical sorting of petrologic components or
cosmochemical fractionations caused by condensation or evaporation. The petrologic
components - CAIs, AOAs, chondrules, matrix, and opaque phases (metal, sulfides, and
oxides) - formed in condensation and evaporative processes in chemically and
isotopically distinct local regions in the early stages of solar system development.
Coinciding with or immediately following their formation, the various components were
physically sorted into a finite number of reservoirs (Zanda et al. 2006). Agglomeration of
these components in various proportions produced the chondritic parent bodies. Although
the components are combined in varying proportions, carbonaceous chondrites all have a
characteristic bulk composition near that of the solar photosphere.
Murray (CM), Kainsaz (CO), and Al Rais (CR), each belonging to a different
group of carbonaceous chondrites, were selected on a specific set of criteria as best suited
for the purposes of this study. Sets of four elemental X-ray maps, Mg, Fe, Ca, Al, were
collected by measuring X-ray intensities along point scans of a thin section with a
Cameca SX50. The number of non-serial thin sections analyzed for each meteorite was at
least five and thus the total area mapped surpassed the areas investigated in previous
optical point count studies (e.g. McSween, 1977). Measurements were compiled as a set
of 16-bit images and then manipulated using the software, ImageJ. CAIs, AOAs, Type-I
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chondrules, opaque phases, and matrix were determined as the major components in all
three samples. Kainsaz contained two additional components, Type-II and Type-III
chondrules. All petrologic components were successfully isolated by thresholding a userdefined span of pixel values distinctive of the target component, a qualitative
representation of elemental concentration. The technique employed in this study, ISLM,
was engineered to isolate aggregations of phases specific to each component and
calculate the volumetric percentages. This imaging algorithm, developed as part of this
work, proved to be an effective and efficient method for determining volumetric
abundances. It is important to note that ISLM alone cannot fully resolve the spatial
boundaries of each component. Analysis must be accompanied by the examination of
textural and spatial characteristics by referencing RGB composite images and
photomicrographs.
Once the volumetric proportions of each component were determined by ISLM, a
series of calculations were conducted in order to estimate the meteorite bulk chemistry
(MgO, FeO, CaO, Al2O3, and SiO2) for comparison with measured bulk compositions.
Wet chemistry data for these meteorites are within the margin of error of calculations in
this study except for Al2O3 abundances. This discrepancy can be explained by the
uniform characterization of all CAIs as type-A composition. This is most likely an over
simplification because given recent work, CAIs are much more compositionally diverse.
The results from this study strongly suggest that the bulk chemical and oxygen isotopic
compositions of the Murray (CM), Kainsaz (CO), and Al Rais (CR) carbonaceous
chondrites are controlled by the proportions of the accreted petrologic components.
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Although cosmochemical processes such as evaporation and condensation played a role
in producing some of the components, the bulk meteorite compositions reflect physical
sorting and accretion of these components rather than strictly chemical processes.
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Figure 1. Superimposed elemental X-Ray maps of Murray sample 1769-8a Mg (red), Ca
(green), Al (blue); Fe (red), Ca (green), Al (blue) ((a), (b)) Post-processing final image
illustrates the spatial distribution and size variations of the main petrologic components.
Each component is assigned a separate color to enhance resolution (c).
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Figure 2. Superimposed elemental X-Ray maps of Kainsaz sample 2486-9 Mg (red), Ca
(green), Al (blue); Fe (red), Ca (green), Al (blue) ((a), (b)) Post-processing final image
illustrates the spatial distribution and size variations of the main petrologic components.
Each component is assigned a separate color to enhance resolution (c). Note the
compound boundaries of many components compared to the Murray (Fig. 1) and the Al
Rais (Fig. 4).
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Figure 3. Combined X-ray elemental (top-left and bottom-left), color enhanced (topright) and grayscale component (bottom-right) maps of the Kainsaz sample 2486-9. The
RGB maps are compiled multi-channel images of Mg (red), Ca (green), Al (blue) (topleft); Fe (red), Ca (green), Al (blue) (bottom-left). Each component isolated during
imaging analysis is assigned a unique color (top-right) or grayscale value (bottom-right).
This allows for reference with the RGB maps to identify the chemical signatures of
various components as a function of their Mg+Ca+Al (top-left) or Fe+Ca+Al (bottomleft) chemistries. In addition, the color enhanced and grayscale maps illustrate the
complex boundaries between components. All images are from the same location on
identical scales.
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Figure 4. Superimposed elemental X-Ray maps of Al Rais sample 1794-7.1 Mg (red), Ca
(green), Al (blue); Fe (red), Ca (green), Al (blue) ((a), (b)) Post-processing final image
illustrates the spatial distribution and size variations of the main petrologic components.
Each component is assigned a separate color to enhance resolution (c).
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Figure 5. Diagram illustrating the primary steps of ISLM using an example 16 pixel2
image. See the text for nomenclature explanation not described here. (1) The parent
image p(x,y) and child image f(x,y) prior to any image processing. (2) The child image,
f(x,y), is thresholded to eliminate pixels that do not correspond to the target. In the case of
the above image, pixels that fall within the range 80-216 are given a value of zero and the
rest a value of 255. Thresholding the child image results in the binary image, g(x,y). (3)
The parent image, p(x,y), is multiplied by the binary image, g(x,y). In the resulting image,
h(x,y), consists of target pixels multiplied by 255 and the pixels that do not correspond to
the target a value of 0. (4) In order to convert the target pixels back to their original value
in p(x,y), all pixels in h(x,y) are divided by 255. The final image, p2(x,y), is a refined
product of the original parent image, containing target pixels with the original parent
values and pixels that do not correspond to the target a value of zero. This image isolates
the target component while retaining the original raw values.
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Figure 6. Experimental sequence begins with the acquisition of the four X-ray maps
ending with the final estimation of bulk chemistry. See text for details regarding
nomenclature used in the series of equations. The column on the right lists a set of
reference numbers to the equations in the text with corresponding letters in Tables 6-8.
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Figure 7. X-ray element maps of a FeNi grain in the Al Rais 1794-7.1. Each map is
accompanied by a 3D projection of the X-ray value intensities. The FeNi metal grain is
located in the center of the image, the largest object in view (a) Mg X-ray map. Since
FeNi does not contain any detectable Mg, the corresponding pixels correspond to the
lowest values in the 3D projection. (b) Fe X-ray map. The local maximas in the 3D
projection is indicative of the FeNi grain in the center of the image. (c) Ca X-ray map and
(d) Al X-ray map. The lowest pixel values occur where occupied by the FeNi grain. The
highest Ca and Al values occurring in the upper right quadrant of the image correspond to
a CAI partially out of view. All images are from the same location on the same scale as
(d). The 3D projections are taken directly from the images. The z-axis intensities have
been altered in some cases to enhance detail.
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Figure 8. X-ray element maps of a CAI in the Al Rais 1794-7.1. Each map is
accompanied by a 3D projection of the X-ray value intensities. The CAI is located in the
middle-right of the image as the largest object in view (a) Mg X-ray map. CAIs contain a
marginal amount of Mg, corresponding to the lowest values in the 3D projection. The
surrounding higher values are mainly attributed to type-I and type-II chondrules. (b) Fe
X-ray map. The concentration of Fe in CAIs is the lowest relative to Mg, Ca, and Al. (c)
Ca X-ray map and (d) Al X-ray map. The highest pixel values occur where the CAI is
located. These are the highest pixel values in the image above indicating that CAIs
contain the highest proportion of Ca and Al in the other main petrologic components. All
images are from the same location on the same scale as (d). The 3D projections are taken
directly from the images. The z-axis intensities have been altered in some cases to
enhance detail.
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Figure 9. The 12 images in the block above represent the stages of the opaque phase
image processing algorithm accompanied by two reference images: (k) end result color
enhanced image; (l) Fe (red), Ca (green), Al (blue) 16-bit per channel RGB image. (a)
Binary image of Mg X-ray map following the removal of pixels values attributed to
measurable Mg content. (b) Result from multiplying the Mg binary image by the original
Fe X-ray map. (c) 3D projection of (b). (d) Binary image of Ca X-ray map following the
removal of pixels with values attributed to measurable Ca content. (e) Result from
multiplying image (d) by image (b). (f) 3D projection of (e). (g) Binary image of Al Xray map following the removal of pixels with values attributed to Al content. (h)
Resulting image from multiplying image (e) by (g). (i) 3D projection of image (h). (j)
Final binary image. Black pixels correspond to FeNi metal. (k) Color enhanced map after
all image processing illustrating the end result. (l) Superimposed multi-channel RGB
image Fe (red), Ca (green), Al (blue). Each image is the original 16-bit tiff. The red
channel is the parent image, Fe X-ray map, in the opaque phase image processing
algorithm.
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Figure 10. Volumetric results of the petrologic components. All values are equal to the
summation of values from area correction (see text for details). (a) Murray results. (b)
Kainsaz Results. (c) Al Rais Results. (d) Comparison of results from all three samples.
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Figure 11. The results plotted above illustrate the accuracy of the calculations in this study with that of
previous wet chemistry work. Error bars are determined on the basis of normalized volumetric results.
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Figure 12. The results plotted above illustrate the accuracy of the calculations in this
study with that of previous wet chemistry work. Error bars are determined on the basis of
normalized volumetric results.
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Figure 13. The results plotted above illustrate the accuracy of the calculations in this
study with that of previous wet chemistry work. Error bars are determined on the basis of
normalized volumetric results.
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Figure 14. This graph illustrates the close relationship between CaO and Al2O3
concentration and volumetric proportions of CAI in all three samples.
CaO Line (blue boxes) R2 = 0.97
Al2O3 Line (red diamonds) R2 = 0.98
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Figure 15. The source data for the three samples is the estimated values in this study. CI
chondrite values are from Grevesse and Anders (1989). CAI data is type-A compositional
data in table 4. All three samples can be described by an original CI composition with the
addition of a CAI material. The linear trend toward CAI near the origin is in agreement
with the volumetric abundances in figure 10. Axial values are atomic weight ratios
calculated from molecular weight percents.
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Figure 16. The source data for matrix vol.% are from this study in figure 10. Although
the data from this study are scattered the trend line has a correlation coefficient only .01
lower than that of Zanda et al. (2006). The ∆18O intercept is chosen in accordance with
reasoning in Zanda et al. (2006) and plotted accordingly for accurate comparison. The
∆18O values are defined as δ18O - δ17O and described in Zanda et al. (2006) to illustrate
the effects of mass fractionation by excess δ18O with respect to a line with a slope of 1
passing through the origin. The lines are held to a y-intercept of 1 to accurately compare
with previous work that determined that 0% matrix corresponds to oxygen isotopes of
aqueously unaltered CAI material or the Young and Russell line.
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Figure 17. CAI+AOA vol.% data are listed in Figure 9 and from previous work by Zanda
et al. (2006), McSween (1977) and references therein. The trend line of data from this
study is in blue and previous data in red. Although the trend line of the data from this
study intersects the ∆17O axis below the y-intersect of previous work and CI composition
(~0.16), the correlation coefficient is nearly 1 and in reasonable agreement with previous
work. See text for further details.
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